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COLLABORATIVE CHANNEL SOUNDING IN

MULTI-ANTENNA SYSTEMS

BACKGROUND

Field

[0001] The disclosed embodiments generally relate to techniques for

performing channel-sounding operations in wireless communication systems.

More specifically, the disclosed embodiments relate to a collaborative channel-

sounding process, which uses measurements taken during a first channel-sounding

operation in a first frequency band to improve a second channel-sounding

operation in a second frequency band.

Related Art

[0002] Channel sounding is commonly used technique for improving the

performance of wireless communication systems, which operates for example by

allowing a base station and an associated mobile unit to compensate for the

impact of a wireless channel response. During the channel-sounding process, a

communication channel is characterized by measuring the channel's response to

various test signals. This measured response can then be used to perform

equalization operations, and also to decide how to transmit data in parallel

through multiple signal paths in multiple-input, multiple-output (MIMO) wireless

systems.



[0003] In single-input, single-output (SISO) wireless systems, the channel-

sounding process is a channel estimation process. However, in MIMO systems

the channel-sounding process is more complicated because it involves identifying

multiple signal paths between one or more antennas on the transmitter and one or

more antennas on the receiver, which are used to facilitate parallel data transfers

to achieve a maximum data rate. In practice, because of noise, interference and

various systems impairments, it is not possible to measure the different signal

paths precisely. Furthermore, the limited bandwidth provided by wireless systems

makes it difficult to isolate links with similar delay profiles, which is commonly

the case in indoor wireless environments. This is particularly true in line-of-sight

(LOS) situations where a dominant path causes increase in measurement errors for

other paths. As a consequence, MIMO systems typically converge to a beam-

steering mode of operation which is less optimal for maximizing data rate.

[0004] Hence, what is needed is a technique for performing channel

sounding in a MIMO system without the above-described problems.

BRIEF DESCRIPTION OF THE FIGURES

[0005] FIG. 1 illustrates a MIMO environment in accordance with the

disclosed embodiments.

[0006] FIG. 2 illustrates client nodes in accordance with the disclosed

embodiments.

[0007] FIG. 3 presents a flow chart illustrating the collaborative channel-

sounding process in accordance with the disclosed embodiments.

[0008] FIG. 4A illustrates an implementation of channel-sounding and

equalization circuitry in accordance with the disclosed embodiments.

[0009] FIG. 4B illustrates another implementation of channel-sounding

and equalization circuitry in accordance with the disclosed embodiments.



[0010] FIG. 5A presents a graph illustrating channel-reversal errors for a

4-element array in accordance with the disclosed embodiments.

[0011] FIG. 5B presents a graph illustrating channel-reversal errors for an

8-element array in accordance with the disclosed embodiments.

DETAILED DESCRIPTION

Overview

[0012] The disclosed embodiments relate to techniques that enable

wireless MIMO systems to improve their link quality in line-of-sight (LOS)

situations. This is accomplished by taking advantage of an established LOS link

at millimeter wavelengths (e.g., ~60GHz) which is established through beam

steering to minimize errors in coefficients of non-LOS path, which are calculated

through a channel sounding process.

[0013] The proposed solution can also help to reduce over-the-air resource

usage for sounding purposes and can consequently increase network capacity. In

multi-antenna systems, which require a large number of sounding measurements,

resource usage can become a significant problem.

[0014] In particular, the 802.1 lad group for wireless LAN standardization

has recently proposed a wireless connectivity standard for radio bands above

60GHz. (Additionally, the 802. 1lac extension provides for a high-throughput

band at frequencies above 6GHz.) In some proposals, two clients communicate

over a first channel in a first band; and then establish a second, high-throughput

data link in a second band. The first link may be used for (1) authorization and

initialization of the second band, (2) determining the presence and access of the

two terminals, and (3) for sending data and channel information. The second link,

which operates in a second band (at a frequency > 60GHz of 802.1 lad), may be a



high-speed data link connected between terminals either directly (e.g., peer-to-

peer or one-to-many) or through an access point.

[0015] A unique scenario is created when the first radio operates in a 2.4

or 5GHz band (as in 802. 1la/b/g/n) and the second radio operates in a mm-wave

band (say 60GHz). In one scenario, discovery and authorization of a direct

60GHz data link can be negotiated and initiated over the 802. 11/a/b/g/n link. This

removes many of the discovery and line-of sight (LOS) problems normally

associated with 60GHz links with highly directed antennas. Once authorized,

high-speed data may be communicated over the 60GHz band, and channel-

control-like packet acknowledgements and channel-quality data may be sent over

the 802. 11/a/b/g/n band because these packets would be relatively small, and link

reliability is very high.

[0016] In a second scenario, the properties of improved temporal

resolution of the 60GHz band may be used to indicate line of sight between two

terminals (or to access points) for use in estimating channel conditions in the other

802. 11/a/b/g/n band. In this scenario, the 60GHz radio can be used to create a

channel sounding to assist channel estimation of 802.1 1/a/b/g/n systems to select

optimum channel configurations providing maximum diversity (most multi-path)

when there is sufficient SNR.

[0017] Details of this second scenario are described in more below, but

first we describe an exemplary MIMO environment.

MIMO Environment

[0018] FIG. 1 illustrates an indoor MIMO environment in accordance with

the disclosed embodiments. This indoor environment comprises a room with

obstructions such as walls and various pieces of furniture. Within this



environment, two wireless clients, namely a television (TV) 102 and a modem

104, communicate through wireless signaling. More specifically, modem 104 and

TV 102 communicate with each other through a direct line-of-sight (LOS) path

106, and also at least one indirect path 108, which reflects off a wall in the indoor

environment.

[0019] Note that the collaborative channel-sounding process can be used

in many different types of MIMO environments. For example, in another MIMO

environment (not illustrated), the two wireless clients comprise a wireless mobile

unit and a wireless base station, wherein the wireless mobile unit can move which

causes the resulting MIMO signal paths to change over time.

[0020] The collaborative channel-sounding process described in this

disclosure can generally be used between any two clients that can communicate

with each other through two or more frequency bands. Moreover, in some

systems the clients may communicate with each other using antenna arrays that

facilitate directional signaling.

Wireless Nodes

[0021] FIG. 2 illustrates two exemplary wireless clients 202 and 212

which communicate through a wireless communicate channel 220 which includes

multiple signal paths in accordance with the disclosed embodiments. Wireless

client 202 includes a calibration mechanism 204, a wireless transmitter (TX) 206,

a wireless receiver (RX) 208 and an antenna 209. Note that antenna 209 can be

implemented using an antenna array comprised of multiple antenna elements,

which can be used to facilitate directional communication. Also note that

calibration mechanism 204 performs various channel-sounding operations and

associated calibration operations which are described in more detail below.

Wireless client 212 similarly includes a calibration mechanism 214, a wireless



transmitter 216, a wireless receiver 218 and an antenna 219. Wireless clients 202

and 212 include the capabilities to transmit and receive data communications in

multiple frequency bands, for example: 2.4, 5 and 60GHz.

[0022] Note that most of operations associated with the channel-sounding

process can be performed at either client. For example, assume client 202 acts as

a transmitter and client 212 acts as a receiver during the channel-sounding

process. In this case, the tones which are transmitted by client 202 and received

by client 212 can be processed at calibration mechanism 214 in client 212, or

alternatively, the received tones received at client 212 can be returned to client

202 to be processed by calibration mechanism 204 in client 202.

Channel-Sounding Process

[0023] FIG. 3 presents a flow chart illustrating an exemplary collaborative

channel-sounding process in accordance with the disclosed embodiments. During

this process, the system starts by performing a first channel measurement in a first

frequency band 302 (step 302). For example, the first channel measurement can

be in a 60GHz frequency band. The system determines from the first channel

measurement whether there exists a communication path Hx, which is

significantly stronger than the other communication paths (step 306). In some

embodiments, this determination can involve performing calculations to

determine whether the strength of a signal received from path Hx exceeds the

strength of a signal from any other path by more than a threshold value.

[0024] More specifically, during the channel-sounding process, the

incoming signal can be correlated to reference signals (i.e., pilots) created in the

receiver through a sliding window correlator, wherein a sliding-window correlator

is a correlator which shifts the reference signal in time at discrete intervals. For

each time shift, the sliding-window correlator obtains one complex correlation



output. Then, the square magnitude (or magnitude) of the paths are compared

with each other. The path with the biggest magnitude is called the "strongest

path" or the most significant path (MSP). Note that this strongest path is likely to

be a line-of-sight path in typical MIMO environments. If the strongest path is

larger than the second-strongest path more than a threshold value, then a two step

approach can be used as is described below. Otherwise, significant gains are

unlikely to result from cancelling the interference from the MSP.

[0025] If there does not exist a significantly stronger LOS path (NO at

step 306), the system proceeds to perform a second channel measurement in a

second frequency band, for example in a 5GHz band (step 304) followed by

calculating the channel matrix in the second frequency band (312); this is part of a

conventional MIMO channel estimation process. (Note that the channel matrix

for MIMO system with M transmitters and N receivers is an N by M matrix.) On

the other hand, if there does exist a significantly stronger path (YES at step 306),

the system calculates over-the-air coefficients for Hx (step 308) and then

equalizes the coefficients for Hx from the channel measurements in the second

frequency band (step 309). The system proceeds to perform a second channel

measurement in a second frequency band, for example in a 5GHz band (step 304)

followed by calculating the channel matrix in the second frequency band (312).

[0026] Note that instead of equalizing the coefficients for Hx from the

channel measurements in the second band as described above, the system changes

the way the second channel measurement is taken. In some embodiments, this can

involve placing a null in a direction of the strongest path before performing the

channel-sounding operations in the second frequency band. In a multi-antenna

system, this null can be generated by using conventional techniques to adjust the

relative phases of various antenna elements appropriately.



[0027] In other embodiments, changing the way the second channel

measurement is taken can involve applying time filtering to remove the strongest

path while performing sounding operations in the second frequency band. For

example, assume the channel is represented by H(f). The system can apply an

Inverse Fast Fourier transform (IFFT) to H(f) produce h(t). A time-based digital

filter can then be applied to h(t) to produce h '(t). In doing so, the digital filter

removes the component for the strongest path from h(t). Finally, the system

applies an FFT to h '(t) to produce a resulting filtered channel H'(f).

Time-Based Methods

[0028] When the strongest path (MSP) is determined to be strong enough

to degrade the accuracy of the estimation of the remaining multi-path components,

results from a channel estimation (CE) operation for the first frequency band can

be used to suppress the MSP from the second frequency band. For example, the

circuitry illustrated in FIG. 4A can be used to suppress the MSP from an incoming

signal 401 in the time domain for the second frequency band. More specifically,

as illustrated in FIG. 4A the incoming signal 401 feeds through a combining unit

404 which acts to suppress the MSP by subtracting a signal received from LOS

constructions unit 408. LOS interference construction unit 408 receives a first

frequency band channel estimation signal in the time domain 403 which has first

been fed through gain compensation unit 409.

[0029] The output of combining unit 404 feeds through a conventional

receiver chain processing system. As is illustrated in FIG. 4A, this conventional

receiver chain processing system can include an FFT unit 410 and a channel



estimation unit 412. In some embodiments, the channel estimation (CE) is

obtained by Wiener filtering in time and frequency dimensions. After the system

produces the CE of the MSP-cancelled suppressed signal, the CE of the first

frequency band that corresponds to the direct path is added to the resulting signal

before resulting signal is directed to channel equalization. The CE method being

used can be any conventional method such as zero forcing or zero forcing

followed by Wiener or similar filtering and/or interpolation. Other methods such

as MMSE based CE can be used but they are all compatible with the described

invention.

[0030] In contrast to FIG. 4A, FIG. 4B illustrates the case where the first

frequency band CE is in the frequency domain. Note that the circuitry in FIG. 4B

is the same as the circuitry for FIG. 4A, except that no FFT is required for the first

frequency band channel estimation in the frequency domain because the channel

estimation is already in the frequency domain. However, an IFFT is required to

convert the first frequency band channel estimation to the time domain.

[0031] Finally, the results of the first frequency band CE can be scaled to

compensate for the differences between the second frequency band and the first

frequency band receiver chains. Note that the static gain difference between the

first frequency band radio front end (and antennas) and the corresponding second

frequency band front end (and antennas) can be estimated measured once as part

of a radio-calibration procedure. The above-described scaling process is not a

channel sounding for either band, but rather a normalization of the two bands. For

example, this normalization process can involve: (1) transmitting pilots in the first

band; (2) measuring the received power in the first band; (3) transmitting pilots in

the second band; (4) measuring the received power in the second band; and (5)

adjusting the relative gain settings. Next, the system performs the channel

sounding in the first band, which involves transmitting pilots in the first band and



performing the first channel estimation. Then the system performs the channel

sounding in the second band, which involves which involves transmitting pilots in

the second band and performing the second channel estimation.

[0032] There may also exist a dynamic gain difference that arises from

two independent automatic gain control (AGC) techniques blocks being employed

for the two radios. In that case, the dynamic gain difference coming from the two

AGCs can be multiplied by the static gain difference coming from the different

front ends. The inverse of the total gain difference, which is called the "gain

compensation," can then be used to compensate for the gain differences between

the two radios. This can be achieved by multiplying the gain compensation with

the CE from the first frequency band.

Channel-Reversal Errors

[0033] FIG. 5A presents a graph illustrating channel-reversal errors for a

4-element array in accordance with the disclosed embodiments. The horizontal

axis of the graph represents time and the vertical axis represents error rate for a set

of "experiments" which take place over time. More specifically, the error rate

measures how much an inverted matrix which is multiplied by the original matrix

deviates from the identity matrix. For example, the measure of deviation can be a

single number representing a sum of squares of the differences between elements

in the multiplied matrix and elements in the identity matrix.

[0034] The lines in graph in FIG. 5A illustrate three different cases. The

lowest line represents the case where the coefficients for the strongest path (e.g.,

line-of-sight path) in the first frequency band are used to remove the component

for the strongest path in the second frequency band when a channel inverse matrix

is calculated for the second frequency band. The next-lowest line represents the

case where the component for the strongest path is lOdB stronger than any of the



other components. Finally, the highest line represents the case where the

component for the strongest path is 20dB stronger than any of the other

components. As can be seen from the first two lines in graph, as the component

for the strongest path increases in relative strength in comparison to the other

components (from lOdB to 20dB), the error rate increases significantly (by about

two orders of magnitude). Moreover, when the component for the strongest path

is removed (as illustrated by the lowest line), the error rate decreases even further.

[0035] FIG. 5B presents a corresponding graph illustrating channel-

reversal errors for an 8-element array in accordance with the disclosed

embodiments. Note that as the number of antenna elements increases from 4 to 8,

the effect of removing the strongest component becomes even more pronounced.

This is in part due to the fact that with more antenna elements, the system has

even better knowledge about the line-of-sight path.

[0036] The preceding description was presented to enable any person

skilled in the art to make and use the disclosed embodiments, and is provided in

the context of a particular application and its requirements.

[0037] Various modifications to the disclosed embodiments will be

readily apparent to those skilled in the art, and the general principles defined

herein may be applied to other embodiments and applications without departing

from the spirit and scope of the disclosed embodiments. Thus, the disclosed

embodiments are not limited to the embodiments shown, but are to be accorded

the widest scope consistent with the principles and features disclosed herein.

Accordingly, many modifications and variations will be apparent to practitioners

skilled in the art. Additionally, the above disclosure is not intended to limit the

present description. The scope of the present description is defined by the

appended claims.



[0038] Also, some of the above-described methods and processes can be

embodied as code and/or data, which can be stored in a computer-readable storage

medium as described above. When a computer system reads and executes the

code and/or data stored on the computer-readable storage medium, the computer

system performs the methods and processes embodied as data structures and code

and stored within the computer-readable storage medium. Furthermore, the

methods and apparatus described can be included in but are not limited to,

application-specific integrated circuit (ASIC) chips, field-programmable gate

arrays (FPGAs), and other programmable-logic devices.



What Is Claimed Is:

1. A method for performing channel-sounding operations in a multi-

antenna system, comprising:

performing channel-sounding operations between a first client and a

second client in a first frequency band; and

using the channel-sounding operations in the first frequency band to

improve channel-sounding operations in a second frequency band.

2 . The method of claim 1, wherein the channel-sounding operations

involve transmitting a series of known tones between the first client and the

second client.

3 . The method of claim 1, wherein the channel-sounding operations

in the first frequency band are used to find a strongest path between the first client

and the second client.

4 . The method of claim 3, wherein the strongest path is a line-of-sight

path between the first client and the second client.

5 . The method of claim 3, wherein using the channel-sounding

operations in the first frequency band to improve channel-sounding operations in

the second frequency band involves placing a null in a direction of the strongest

path before performing the channel-sounding in the second frequency band.

6 . The method of claim 3, wherein using the channel-sounding

operations in the first frequency band to improve channel-sounding operations in



the second frequency band involves applying time filtering to suppress the

strongest path while performing sounding operations in the second frequency

band.

7 . The method of claim 6, wherein a sliding-window correlator is

used to perform the time filtering to suppress the strongest path.

8. The method of claim 3, wherein using the channel-sounding

operations in the first frequency band to improve channel-sounding operations in

the second frequency band involves using coefficients for the strongest path in the

first frequency band to suppress a component for the strongest path in the second

frequency band when a channel inverse matrix is calculated for the second

frequency band.

9 . The method of claim 1, wherein a first frequency associated with

the first frequency band is more than an order of magnitude higher than a second

frequency associated with the second frequency band.

10. The method of claim 1, wherein the first frequency band has a

wider bandwidth than the second frequency band.

11. A system for performing channel-sounding operations in a multi-

antenna system, comprising:

a calibration mechanism configured to perform channel-sounding

operations between a first client and a second client in a first frequency band;



wherein the calibration mechanism is configured to use the channel-

sounding operations in the first frequency band to improve channel-sounding

operations in a second frequency band.

12. The system of claim 11, wherein the channel-sounding operations

involve transmitting a series of known tones between the first client and the

second client.

13. The system of claim 12, wherein the calibration mechanism is

located at the first client.

14. The system of claim 16, wherein the calibration mechanism is

located at the second client.

15. The system of claim 11, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to find a strongest

path between the first client and the second client.

16. The system of claim 15, wherein the strongest path is a line-of-

sight path between the first client and the second client.

17. The system of claim 15, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to improve channel-

sounding operations in the second frequency band by placing a null in a direction

of the strongest path before performing the channel-sounding in the second

frequency band.



18. The system of claim 15, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to improve channel-

sounding operations in the second frequency band by applying time filtering to

suppress the strongest path while performing sounding operations in the second

frequency band.

19. The system of claim 18, wherein the calibration mechanism uses a

sliding-window correlator to perform the time filtering to suppress the strongest

path.

20. The system of claim 15, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to improve channel-

sounding operations in the second frequency band by using coefficients for the

strongest path in the first frequency band to suppress a component for the

strongest path in the second frequency band when a channel inverse matrix is

calculated for the second frequency band.

21. The system of claim 11, wherein a first frequency associated with

the first frequency band is more than an order of magnitude higher than a second

frequency associated with the second frequency band.

22. A system for performing channel-sounding operations in a multi-

antenna system, comprising:

a first client including a transmitter and a receiver;

a calibration mechanism within the first client, wherein the calibration

mechanism is configured to perform channel-sounding operations by transmitting



sounding signals from the first client to a second client and by receiving

responsive signals from the second client;

wherein the calibration mechanism is configured to,

perform channel-sounding operations in a first frequency band, and

to

use the channel-sounding operations in the first frequency band to

improve channel-sounding operations in a second frequency band.

23. The system of claim 22, wherein the channel-sounding operations

involve transmitting a series of known tones between the first client and the

second client.

24. The system of claim 22, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to find a strongest

path between the first client and the second client.

25. The system of claim 24, wherein the strongest path is a line-of-

sight path between the first client and the second client.

26. The system of claim 22, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to improve channel-

sounding operations in the second frequency band by placing a null in a direction

of the strongest path before performing the channel-sounding in the second

frequency band.

27. The system of claim 22, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to improve channel-



sounding operations in the second frequency band by applying time filtering to

suppress the strongest path while performing sounding operations in the second

frequency band.

28. The system of claim 27, wherein the calibration mechanism uses a

sliding-window correlator to perform the time filtering to suppress the strongest

path.

29. The system of claim 22, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to improve channel-

sounding operations in the second frequency band by using coefficients for the

strongest path in the first frequency band to suppress a component for the

strongest path in the second frequency band when a channel inverse matrix is

calculated for the second frequency band.

30. A system for performing channel-sounding operations in a multi-

antenna system, comprising:

a second client including a transmitter and a receiver;

a calibration mechanism within the second client, wherein the calibration

mechanism is configured to perform channel-sounding operations by receiving

sounding signals from a first client and by transmitting responsive signals back to

the first client;

wherein the calibration mechanism is configured to,

perform channel-sounding operations in a first frequency band, and

use the channel-sounding operations in the first frequency band to

improve channel-sounding operations in a second frequency band.



31. The system of claim 30, wherein the channel-sounding operations

involve transmitting a series of known tones between the first client and the

second client.

32. The system of claim 30, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to find a strongest

path between the first client and the second client.

34. The system of claim 32, wherein the strongest path is a line-of-

sight path between the first client and the second client.

34. The system of claim 30, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to improve channel-

sounding operations in the second frequency band by placing a null in a direction

of the strongest path before performing the channel-sounding in the second

frequency band.

35. The system of claim 30, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to improve channel-

sounding operations in the second frequency band by applying time filtering to

suppress the strongest path while performing sounding operations in the second

frequency band.

36. The system of claim 35, wherein the calibration mechanism uses a

sliding-window correlator to perform the time filtering to suppress the strongest

path.



37. The system of claim 30, wherein the calibration mechanism uses

the channel-sounding operations in the first frequency band to improve channel-

sounding operations in the second frequency band by using coefficients for the

strongest path in the first frequency band to suppress a component for the

strongest path in the second frequency band when a channel inverse matrix is

calculated for the second frequency band.
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